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Abstract 
Systematic comparison on gas-sensing properties of single- and multi-layered SnO2 nanomaterials in drug-precursors detection 
from the aspects of gas-sensing response and kinetic adsorption/desorption process was presented for the first time. The SnO2
nanomaterials with single- and multi-layered structures assembled by numerous nanoparticles were prepared via a hydrothermal 
route using carbonaceous spheres as templates. In gas-sensing measurements, drug-precursors including aether and chloroform 
were employed as targets. The gas-sensing responses towards target gases at a series of concentrations were investigated. The 
results show that the gas sensor based on multi-layered SnO2 nanoarchitectures exhibits higher sensitivities compared with those 
of the single-layered ones. However, the response and recovery times are longer than the later one, indicating a lower diffusion
speed during the surface contact reactions. The mechanism for the different gas-sensing performance of single- and multi-layered
SnO2 nanomaterials was further demonstrated from the kinetic processes of gas adsorption/desorption. Our findings shed a light 
for the design of novel nanoparticle-assembled architectures for applications based on surface contact reactions such as security 
monitoring and environmental sensors. 
© 2010 Published by Elsevier Ltd. 
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1. Introduction 
Nanoarchitectures, including nanoparticles, nanowires, and nanotubes, have been focused extensively due to their 
potential applications in a great many fields, e.g., environment, energy, biological medicine, etc [1-3]. 
Nanomaterials are characterized by their special effects in nanoscale, such as surface effect, small size effect, 
quantum size effect, and so on, which make them to be more competitive than their bulk counterparts in applications. 
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Among them, nanoparticles have received increasing interests due to their special structure and small size which 
enable them to be fascinating building blocks in surface contact reaction based-applications, like chemical and 
biological sensors, catalysts, solar cells, etc [4,5]. However, the fabrication of nanoparticle-based devices still 
remains a great challenge.  During the past few years, many efforts have been carried out in this field, and the 
assembly of nanoparticles into whole architectures, such as porous hollow spheres, has been considered to be an 
effective approach. In these years, there are many reports on the preparation and applications of nanoparticle-based 
hollow spheres, e.g., ZnO, In2O3, CuO, and WO3 [6-10]. Nevertheless, most of them are single-layered. As the layer 
number would greatly influence the transfer, diffusion and adsorption/desorption processes of nanomaterials, like 
the single- and multi-walled carbon nanotubes. It is significant to investigate the different properties of single- and 
multi-layered nanoparticle-based nanostructures. Until now, systematical comparison has been rarely reported to the 
best of our knowledge. 
Herein, comparison on gas-sensing properties of single- and multi-layered SnO2 nanomaterials from the aspects 
of gas-sensing response and kinetic adsorption/desorption process was reported. As the gas-sensing SnO2 is a kind 
of typical building blocks activated by the surface contact reactions, our findings would be generally applied for 
some other nanoarchitectures with similar structures. In our investigation, the SnO2 nanomaterials with single- and 
multi-layered structures assembled by nanoparticles were prepared via a hydrothermal route using carbonaceous 
spheres as templates. In gas-sensing detection, drug-precursors including aether and chloroform were employed as 
targets. The gas-sensing responses towards target gases at a series of concentrations were studied. Furthermore, the 
mechanism for the different gas-sensing performance of single- and multi-layered SnO2 nanomaterials was also 
demonstrated. 
2. Experimental 
2.1 Preparation of single- and multi-layered SnO2 nanoarchitectures 
All chemicals were analytical grade and used without further purification as purchased from Shanghai Chemical 
Reagent Ltd. Co. of China. The single- and multi-layered SnO2 nanomaterials assembled by nanoparticles were 
prepared via a hydrothermal route. As for the single-layered SnO2 nanostructures, the carbonaceous spheres were 
synthesized using glucose solution under hydrothermal conditions [11]. Secondly, a certain amount of the as-
synthesized carbonaceous spheres were dispersed into SnCl4 solution via ultrasonication. Thirdly, the precipitates 
were collected by centrifugation. After drying at 60 ºC for 6 h, the products were annealed in a furnace at 500 °C for 
1 h in air. As for the multi-layered ones, they were prepared as the previous reference [12]. Finally, the as-prepared 
single- and multi-layered SnO2 nanomaterials were collected for characterization and the fabrication of gas sensors. 
2.2 Characterization 
The morphology and structure of the samples were studied on a FEI Sirion 200 field-emission scanning 
electronic microscope (FESEM) and a Hitachi model H-800 transmission electron microscopy (TEM). The X-ray 
diffraction (XRD) patterns of samples were recorded on a Philips X’ Pert Pro X-ray diffractometer equipped with a 
monochromatic high-intensity Cu KĮ radiation (1.54178 Å). 
2.3 Gas-sensing detection 
The fabrication of gas sensors has been reported previously [13]. As for the gas-sensing detection, it was carried 
out by using a computer-controlled gas-detecting system in which a Keithley-6487 picoameter/voltage sourcemeter 
was used as both current recorder and power source. In a typical procedure, a certain volume of saturated organic 
vapor was introduced by an injecting needle into the detection chamber. The concentration of target gas was 
determined by the concentration and injected volume of saturated vapor. After gas-sensing response turned to be in 
equilibrium, target gas was released by inputting dry air. In gas-sensing detection, all gas-sensing measurements 
were performed at the same working temperature. In our study, drug-precursors including aether and chloroform at 
various concentrations ranging from 50 to 300 ppm were employed as targets. 
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The sensitivity is defined as formula (1), where Rair and Rgas are resistances of gas sensor in dry air and the 
mixture of dry air and target gas, respectively. By following Ohm’s Law, S can also be expressed by the current in 
dry air and in gas mixture under constant voltage. In addition, the response and recovery times are determined by the 
times for the sensor to achieve 90% of the total current change in the condition of gas injection and release. 
3. Results and discussion 
3.1 Morphology and structure of single- and multi-layered SnO2 nanostructures 
   The morphology and structure of the as-prepared single-layered SnO2 nanomaterials are presented in Figure 1. 
Seen from the FESEM images (Figure 1a and b), the SnO2 nanomaterials exhibit a profile of porous spheres in a 
diameter of ca. 500 nm. Besides, it is obviously that each sphere is assembled by numerous nanoparticles. The 
particle size is in a range of 15-25 nm. In the TEM images (Figure 1c and d), it can be observed that the SnO2
spheres are hollow with a layer thickness of 40 nm approximately. The hexagonal phase of SnO2 can be confirmed 
by the XRD pattern, as shown in Figure 1e. By following the Scherrer’s formula, the particle size is calculated to be 
ca.23.3 nm which is consistent with the FESEM observations.  
Figure 1. (a,b) FESEM, (c,d) TEM images, and the XRD pattern of the single-layered SnO2 nanostructures. 
As far as the multi-layered SnO2 nanostructures concern, their morphology and structure are shown in Figure 2. 
Interestingly, a special multi-layered spherical structure can be observed, especially seen from Figure 2b. Similar to 
the single-layered ones, they were also made up of amounts of nanoparticles with size of ca. 20 nm which can be 
supported by XRD results (Figure 2e). In the TEM images (Figure 2c and d), a porous structure with 2 or 3 layers is 
clearly exhibited. Between each layers, there is a hollow space which would make the multi-layered structures 
possessed some special properties in diffusion and adsorption/desorption processes as compared with the single-
layered ones.  
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Figure 2. (a,b) FESEM, (c,d) TEM images, and the XRD pattern of the multi-layered SnO2 nanomaterials. 
3.2 Gas-sensing characteristics and comparison 
The gas-sensing performance of sensors based on single- and multi-layered SnO2 nanostructures were 
investigated by using aether and chloroform as targets which were typical drug-precursors. The real-time gas-
sensing responses are shown in Figure 3. It can be found that the responses of both the single- and multi-layered 
ones increase depending on the elevation of gas concentrations from 50 to 300 ppm. The gas-sensing mechanism 
can be ascribed to the typical contact reactions on the surface of semiconductors [14,15]. Generally, O2 is adsorbed 
on the surface of SnO2 nanomaterials in air surroundings, and it will react with the electrons to produce negative 
oxygen ions, leading to a large resistance of sensors. In contrast, while SnO2 is exposed into aether and chloroform 
which are reductive gases, reactions between negative oxygen ions and gas molecules occur, resulting in the release 
of electrons. Correspondingly, the high resistance in air is decreased in reductive gases. 
Figure 3. Real-time gas-sensing responses of sensors based on single- and multi-layered SnO2 nanostructures to (a) 
aether and (b) chloroform. 
Compared with the single-layered ones, the multi-layered SnO2 nanomaterials exhibit larger response to both of 
the targets. However, the corresponding response and recovery times are relatively longer than those of the single-
layered structure. Seen from Figure 3b, the current increases slowly to a high level compared with the sharp and low 
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level of single-layered SnO2, indicating a long response time and high sensitivity of multi-layered SnO2
nanomaterials. It can be ascribed to the larger surface area of multi-layered structure which could provide more sites 
for surface contact reactions. Meanwhile, the assembly of nanoparticles in a high density restrains the diffusion of 
gases into internal layers, resulting in a greatly prolonged response time. Similar to the case of response time, the 
prolonged recovery time would also be caused by the slow diffusion between layers. 
The sensitivity calculated from the real-time gas-sensing responses to aether and chloroform is shown in Figure 4. 
It can be found that the multi-layered SnO2 nanostructures exhibit higher sensitivity to both of the targets than the 
single-layered ones. The sensitivity to chloroform at 300 ppm could be up to 46.5, indicating the sensitive 
performance of as-fabricated gas sensor which would be potentially applied for security and environmental 
monitoring. It can be clearly observed that the gas sensor based on the single-layered one turns to be saturated more 
easily. It is indicated that most of the reaction sites of single-layered nanostructures would be activated once 
contacting with the target gases. By contrary, the multi-layered structure shows an increasing sensitivity to each 
target. It can be ascribed to the significant role of the nanoparticles at the internal layers, which provide more sites 
for gas adsorption/desorption and reactions under a relatively high concentration of target gas. 
Figure 4. Sensitivity of single- and multi-layered SnO2 nanostructure-based gas sensors to aether and chloroform. 
As demonstrated above, the different diffusion and adsorption/desorption processes would be potential 
contributors for the different gas-sensing performance of the single- and multi-layered structures. In order to 
investigate the mechanism of such differences, the kinetic adsorption/desorption processes are further studied. 
Taking the gas-sensing detection to 150 ppm aether for instance, the real-time sensitivity of the gas sensor is 
transformed from the y axis to the x axis, while the first derivative of the sensitivity toward time is set as the y axis, 
as shown in Figure 5. In a certain working condition, including temperature, surface state of gas-sensing materials, 
and ambient gas composition, the resistance of gas sensor is fixed. In other words, the current is determined under a 
constant voltage. Therefore, the current of gas sensor can effectively present the surface state of gas-sensing 
materials in a determined working condition. Accordingly, the sensitivity calculated by current change can be 
employed for the demonstration of the kinetic process of surface contact reactions which are on the basis of gas 
adsorption/desorption.  
Seen from Figure 5, it is revealed that the sensitivity increases rapidly as the target gas being introduced into the 
detection chamber. After the equilibrium of reactions, the sensitivity turns to be the highest. Meanwhile, the gas 
adsorption/desorption process is also in a balance. As the targets been replaced by dry air, desorption on the surface 
of SnO2 nanostructures plays a dominant role during the recovery process. Finally, the resistance of sensor turns 
back to the initial value. As compared with the kinetic process of gas adsorption/desorption of single-layered 
structure, the multi-layered ones exhibit a multi-levelled gas adsorption/desorption process with some inflexions in 
the kinetic curve. It is indicated that the diffusion and adsorption/desorption are discontinuous due to the space 
between the special multi-layers. In this condition, the gas-sensing response is prolonged, and the reaction sites are 
activated in multi-stages but not at once as the single-layered ones do.  The multi-levelled kinetic process enables 
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the multi-layered SnO2 nanostructures to be significant candidates for fabricating sensors with fascinating 
performance for gas recognition. 
Figure 5. Kinetic adsorption/desorption processes of single- and multi-layered SnO2 nanomaterials to aether. 
4. Conclusions 
In summary, we demonstrate the mechanism of different gas-sensing properties of single- and multi-layered SnO2
nanomaterials to drug-precursors from sensitivity, response and recovery times, and the kinetic processes of gas 
adsorption/desorption. We find that the as-fabricated sensors exhibit a sensitive performance to targets, especially 
for the one based on multi-layered SnO2 of which the sensitivity is larger than 45 to chloroform at 300 ppm. Besides, 
it is revealed that the sensor based on single-layered one turns to be saturated more easily. It is indicated that most of 
the reaction sites of single-layered nanostructures would be activated once contacting with targets, while the multi-
layered structure shows an increasing sensitivity to each target which can be ascribed to the role of the nanoparticles 
at the internal layers. Compared with the kinetic process of gas adsorption/desorption of single-layered structure, the 
multi-layered ones show a multi-levelled process due to the discontinuous space between the special multi-layers for 
diffusion and transfer. The special gas-sensing properties of the SnO2 nanomaterials with different layered structures 
enabled the sensors based on them can be potential applied for drug-precursors detection with significant capability 
of targets recognition. Moreover, it also provides a general opportunity for the development of novel nanoparticle-
assembled nanoarchitectures with some special properties for specific applications. 
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